This study determined whether a previous laboratory finding relating platform elevation to rock strength could be verified when tested in the field. Testing took place along the Otway coast in southeastern Australia. Fourteen platforms were profiled using a total station while rock strength tests were performed with a type L Schmidt hammer. Results established that higher mean platform elevation correlated with increased rock strength (r ϭ 0.661, p Ͻ 0.05). This confirmed that a relation exists between elevation and rock strength when tested in the field. This finding has implications for the interpretation of shore platforms and marine terrace elevations in relation to sea level.
INTRODUCTION
The study of shore platforms is important, not only because shore platforms constitute a significant portion of many coasts, but also because the explanation of their form and development is a vital precursor to reconstructing palaeo sea levels and interpreting marine terraces, the raised counterparts of shore platforms (STEPHENSON, 2000; TRENHAILE, 1980) . Studies of shore platform morphology have examined their width, elevation, and gradient (EDWARDS, 1941; ROB-INSON, 1977; STEPHENSON, 2001; SUNAMURA, 1991 SUNAMURA, , 1994 TRENHAILE, 1978 TRENHAILE, , 1983 TRENHAILE, , 1999 TRENHAILE et al., 1999) . Also considered, but less frequently, are cliff-platform junctions and ramparts (EDWARDS, 1951; TRENHAILE, 1999; WRIGHT, 1970) . Morphology is commonly thought to be determined by lithology and processes. However, arguments arise considering the relative roles of each.
Platform elevation in relation to mean sea level (MSL) probably results from a number of variables: wave energy, tidal range, strength of platform-forming rocks determined by joints, faults, and bedding planes, weathering of rocks and other topographical variations such as the platform's position in relation to a headland or embayment (SUNAMURA, 1991; WRIGHT, 1970) . Sea-level fluctuation and tectonic movement further complicate the above factors. Other researchers (ED-WARDS, 1941; GILL, 1967; GILL and LANG, 1983; HILLS, 1971) have noted a relation between rock strength (defined as compressive strength) and platform morphology, with the exception of EDWARDS (1941) ; this was only reported through a qualitative assessment.
SUNAMURA (1991, 1992, 1994) rock strength on platform morphology. SUNAMURA (1991) undertook a laboratory investigation into the influence of wave height and rock strength upon the elevation of a horizontal plaster model shore platform. It was found that elevation increased with increased rock strength if all other factors are constant. This relation is given by:
where z c ϭ critical depth of erosion (platform elevation), h ϭ water depth at the cliff base, p ϭ density of water, g ϭ gravitational acceleration, H b ϭ height of breaking wave, and S c ϭ rock compressive strength. Such a model is problematic since it is based on only six data points. Field testing is required to determine if this relation has wider application. Earlier TRENHAILE (1978) argued that the elevation of platforms at Gaspé was determined by processes operating on the platform and not rock strength.
In an attempt to model whether shore platforms are inherited or contemporary features, TRENHAILE et al. (1999) tested the morphological difference of nine platforms found in three separate bays in northwestern Spain. In that study platforms were surveyed from the cliff foot to the low tide level. Schmidt hammer readings were taken at 'quasi-regular' intervals along the surveyed profile with 30 measurements made at each point. It was concluded that ''variations in platform morphology cannot be attributed to differences in rock strength, as determined by the Schmidt Rock Test Hammer'' (TREN- HAILE et al., 1999, p. 613) . However, no statistical test was applied and the number of points tested along the platform was probably not enough to be representative of rock strength.
SUNAMURA (1991) stated that a combination of factors control platform elevation, although evaluating the effect of each individually has proven difficult. In particular, the degree of control of rock strength remains to be clearly determined from field studies. Furthermore, the elevation to which platforms develop is an important variable when considering the elevation of marine terraces. Predictions of palaeo sea levels and tectonics rates can be improved by understanding the role played by rock strength during platform development. Tests of rock strength could be applied to marine terraces and a correction of elevation be made for the degree of rock strength. However, before such a step can be implemented it is necessary to extensively test with field data the relation between rock strength and platform elevation and in doing so test the model presented by SUNAMURA (1991) . This field study will investigate whether rock strength controls platform elevation when tested quantitatively in the field.
SITE DESCRIPTION
The Otway Ranges are located in southwest Victoria in the southern part of Australia (Figure 1 ). The Otway Ranges consist of uplifted, massively bedded, nonmarine, Lower Cretaceous sandstones and siltstones with variable dip and strike (BIRD 1993; GILL 1977) . Cretaceous formations are exposed on the steep coast of the Otway Ranges, where they are flanked to the east and west by outcrops of tertiary sediments (BIRD, 1981) . Of particular interest to this study is the section from Marengo to Lorne, which trends northeast for 40 km (Figure 1 ). This stretch of coast is notable for extensive shore platforms of various elevations (GILL and LANG, 1983) .
Annual rainfall at Apollo Bay is approximately 1000 mm. Mean daily maximum temperatures range from 21.9 ЊC in January to 13.1 ЊC in July and mean daily minimum temperatures range from 14.6 ЊC in February to 7.3 ЊC in July (Australian Bureau of Meteorology). However, during summer, daily maximum temperatures can exceed 40 ЊC. Frosts do not occur at the coast. The coast of western Victoria has been described as a storm wave environment (EDWARDS, 1941) and Southern Ocean swells provides a strong energy input to much of the Otway coast (GILL, 1977) , but no wave data exist to quantify the wave environment. Tidal range is 1.52 m during spring tides (BIRD, 1993) .
METHODS
Shore platforms from Marengo to Lorne area were selected for this study because wave energy, climate, and tidal range were essentially the same. It was also chosen on the basis that there was the availability of benchmarks relative to Australian height datum (AHD) that allows elevation to be accurately determined and controlled. Surveyed sites were selected on the basis that they were accessible and could be related to a benchmark. Because of the location and distance between survey markers being random in itself, the sites surveyed from these marker points could also be considered as randomly determined because of the selection process. From some benchmarks more than one platform was surveyed because of noticeable morphological difference and to increase the number of profiles in the data set given that the number of benchmarks available was limited.
A total of 14 platforms was surveyed using a total station. Profiling was carried out from the back of the platform, either a cliff or a beach, to the widest point at the front on the particular section of the platform following the method of TAKAHASHI (1977) . The widest point was chosen for consistency between survey sites. At some locations where the platforms gently sloped into the sea the length recorded would differ depending on tidal levels. At all sites the end of the platform was considered as the most seaward point that was safe to survey, be that a short distance into the swash zone on a sloping platforms or just over the edge of a platform with a low tide cliff.
The mean elevation of a shore platform was calculated using the following method. The elevation of each pair of consecutive survey points was averaged. This average was then weighted using the percentage of total platform width covered by the distance between the two points. This was repeated across the platform. The mean elevation between points was multiplied by the corresponding proportion of the platform. This was done for all points of the profile and the addition of these resulted in the mean elevation.
Previous researchers have used compressive strength to represent rock strength in platform studies (DICKSON, KEN-NEDY, and WOODROFFE, 2004; EDWARDS, 1941; STEPHEN-SON and KIRK, 2000a, 2000b; SUNAMURA, 1991 SUNAMURA, , 1992 SUNAMURA, , 1994 TRENHAILE et al., 1999; TSUJIMOTO, 1987) . Rock compressive strength can be measured using the Schmidt hammer test (DAY and GOUDIE, 1977; SUMNER and NEL, 2002) . However, the Schmidt hammer test does not account for lithological properties such as density or orientation of jointing or bedding planes. The alternative a approach would be a rock mass index assessment but this is also problematic (BUDETTA, GALIETTA, and SANTO, 2000; HAWKINS, 1998) . The advantage of the Schmidt hammer is that it is inexpensive, easy to use, is quantitative (rather than an index), provides a large number of readings, and allows rapid assessment of rock compressive strength in the field. The Schmidt hammer was originally designed by E. Schmidt in 1948 as a nondestructive test of strength for in situ concrete. This instrument is a cylindrical device weighing approximately 2 kg that contains a spring-loaded plunger. The distance this plunger rebounds after it is fired against a surface is related to the strength of the surface. The rebound number (R) can then be converted into the compressive strength (N/mm 2 or MPa) using calibration curves supplied with the instrument, although this is not necessary for purely comparative studies. The Schmidt hammer was first used by geomorphologists to assess the compressive strength of rock (DAY, 1980; DAY and GOUDIE, 1977; HUCKA, 1965; YAALON and SINGER, 1974) and later to determine the degree of weathering of rock (BALLANTYNE, BLACK, and FINLAY, 1989; MCCARROLL, 1989 MCCARROLL, , 1991 SJÖ BERG and BROADBENT, 1991) . DAY and GOUDIE (1977) provided a detailed description of the application of the Schmidt hammer test for geomorphological studies. Using a type N Schmidt hammer (impact energy of 2.207 Nm) they reported R values from a range of different rock type samples; from 14 (Chalk) to 67 (Precambrian quartzite). The use of a Schmidt hammer is now a universally accepted method of determining rock strength for geomorphological studies and has been used widely in studies of coastal rock (DICKSON, KENNEDY, and WOODROFFE, 2004; KIRK, 2000a, 2000b; TRENHAILE et al., 1999) .
A type L Schmidt hammer with an impact energy of 0.735 Nm was used in this study following the approach of STE- PHENSON and KIRK (2000a, 2000b) and DICKSON, KENNEDY, and WOODROFFE (2004) . Twenty Schmidt hammer readings were recorded and later averaged at each survey point along each profile where a Schmidt hammer reading could be accurately measured. Points covered by water, sand, immovable shells, or where the texture was determined to be too rough were not tested. A total of 4180 Schmidt hammer readings were recorded, which equated to 209 averages. The number of actual readings taken on a platform varied depending on the morphological variability of the surface, which determined the number of survey points (Table 1; Figure 2 ). The readings were taken within a 30-cm radius of the survey point, with the area being cleaned of its weathered debris using a grindstone. The mean rebound value from each survey point was then averaged to calculate the mean for the whole platform.
RESULTS
Fourteen shore platforms were profiled along the Otway coast between Marengo and Lorne. The location of each of the profiles is presented in Figure 1 and results from the profiling presented in Table 1 . Key features in determining differences between shore platform morphology (assuming bedding characteristics are the same) include width, elevation, and gradient determined by the slope of the line of best fit, which is converted into degrees (a method used previously by TRENHAILE, 1974 TRENHAILE, , 1978 , and to a lesser extent cliff elevation, cliff-platform junction elevation, and the presence of a rampart. Table 2 highlights where relations do and do not exist between variables and morphology. Although this study is concerned with only the relation between platform elevation and rock strength, these other variables were tested to ensure that they were not controlling factors affecting results. With the exception of backshore type no statistical relations were found between platform elevation and presence or absence of a rampart, cliff elevation, and cliff-platform junction.
The Schmidt hammer rebound value results for each point tested along the profiles are presented in Figure 2 . A Pearson's correlation with a two-tailed test was used to determine whether a significant correlation existed between elevation and rock strength. Following BURT and BARBER (1996) a twotailed Mann-Whitney test was used to test the hypothesis that platform elevation is controlled by either backshore type, location in relation to a headland or an embayment, or the presence of a rampart. The Mann-Whitney test was also used to test the hypothesis that backshore type, location in relation to a headland or an embayment, or the presence of a rampart is determined by rock hardness.
A significant correlation was found to exist between all elevation readings and rock strength (r ϭ 0.473, p Ͻ 0.01) determined through Schmidt hammer rebound values. Higher Schmidt hammer values occurred at higher elevations (Figure 3) . The correlation that existed between all elevation readings and all Schmidt hammer values is increased when comparing the mean elevation of a platform and the mean Schmidt hammer values (r ϭ 0.661, p Ͻ 0.05) ( Table 2) . Figure 4 shows that 43% of variation in elevation is explained by rock strength.
Results also indicate a statistically significant difference between mean elevation and platforms backed by cliffs or beach (z ϭ Ϫ3.098, p Ͻ 0.05) ( Table 2 ). Low elevations were associated with a beach backshore. Platforms with a beach backshore ranged from 0.26 to 1.24 m (AHD) in elevation, whereas those backed by a cliff ranged in elevation from 1.26 to 2.09 m (AHD) ( Table 1) . When backshore type is treated as a dependent variable, a significant difference was found between cliffs and beach in relation to rock strength (z ϭ Ϫ2.908, p Ͻ 0.05), with stronger rocks associated with platforms backed by cliffs (Table 2) . Platforms backed by cliffs had mean Schmidt hammer rebound values ranging from 32.8 to 41.8, whereas platforms backed by a beach had values ranging from 22.1 to 33.4 (Table 1) .
DISCUSSION
Variability in platform elevation along coastlines has made understanding which variables control elevation difficult to determine, with a host of factors identified as being possible influences (SUNAMURA, 1991; WRIGHT, 1970) . Elevation is one of the most important morphological elements of a shore platform (EDWARDS, 1941; GILL, 1967; GILL and LANG, 1983; HILLS, 1971; SUNAMURA, 1991 SUNAMURA, , 1992 SUNAMURA, , 1994 TRENHAILE, 1978; TRENHAILE et al., 1999) . It is surprising then that the elevation to which shore platforms develop is subsequently ignored when marine terraces are used to reconstruct palaeo sea levels and coastal tectonics (STEPHENSON, 2000) . Mean platform elevation is very sensitive to geological influences, particularly in areas with a small tidal range. Qualitatively, it has been noted that a relation exists between mean elevation and the strength of the rock (GILL, 1967; GILL and LANG, 1983; HILLS, 1971) . Despite this observation, past studies have not made any attempt to correct marine terrace elevation for the rock strength.
SUNAMURA's (1991) research was undertaken primarily in a laboratory wave-flume tank where all other factors remained constant. It was confidently stated from his work that increased rock strength resulted in increased platform elevations. The relation between rock strength and elevation has now been quantitatively tested in the field. Field results showed that a relation exists between platform elevation and rock strength determined with a Schmidt hammer. A correlation value of r ϭ 0.661, p Ͻ 0.05 was found between mean elevation and mean Schmidt hammer values, confirming that the platform elevation increased with rock strength (Table 2 and Figure 4) . These findings support those of SUNAMURA (1991).
Our results contradict those of TRENHAILE (1978) and TRENHAILE et al. (1999) , who reported that rock strength did not influence variations in platform elevation. The Schmidt hammer test has provided data that clearly showed that rock strength influenced platform elevation. The difference in results between this study and that of TRENHAILE et al. (1999) may be because this study had a greater number of Schmidt hammer tests, surveyed more profiles, related elevation to MSL to a higher degree of precision, and used statistical tests to identify relations.
The wider implications of this finding relate to the interpretation of marine terrace elevation. Quite often marine terraces are found at varying heights (GILL and AMIN, 1975) , making them difficult to relate to past sea levels. However, the findings from this study suggest that rock strength may have been a factor that controlled the elevation of the former platforms and therefore terrace elevation could be a result of factors other than the sea level.
A relation (z ϭ Ϫ3.098, p Ͻ 0.05) was also found between mean elevation and backshore type, with higher elevations associated with platforms backed by cliffs (Table 2) . Rock strength was also found to be significantly stronger at platforms backed by cliffs (z ϭ Ϫ2.908, p Ͻ 0.05) ( Table 2 ). Both of these results are not unexpected since cliffs are maintained when the rocks are harder and therefore the elevation at these sites is higher. Because of this the relation could possibly be presented as backshore type being dependent upon rock strength. This result is similar to that of DICKSON, KEN-NEDY, and WOODROFFE (2004) , who reported cliffs in harder rocks.
CONCLUSION
Mean platform elevation was significantly related to rock strength. This study showed that rock strength is an important factor that controls shore platform elevation, accounting for 43% of variation in platform elevation. This finding advances SUNAMURA's (1991) laboratory work by showing that the relation occurs in the field. It follows, then, that marine terrace elevation is partly the result of rock strength as well as sea level. These results have implications for the interpretation of marine terrace elevation. When terrace elevations are used to reconstruct sea level, consideration must also be given to rock strength. These results have provided some insight into the factors that do and do not determine morphological variation of shore platforms. 
